Abstract. In this paper, a pop-click noise detection method is proposed to improve the quality of audio signals recorded using portable microphones. In order to reduce false alarm and missing detection errors, the proposed method utilizes the second-order difference of an uncorrelated residual signal, followed by adaptive median thresholding. It is shown from performance evaluation that the proposed method achieves higher detection accuracy, under various signal-tonoise ratio conditions, than with a conventional method using the first-order difference of the residual signal.
Introduction
When an audio signal is recorded by portable auditory sensors such as a condenser microphone or a micro electrical-mechanical system (MEMS) microphone, there are many factors that generate noise. In particular, a pop-click noise is generated by various physical phenomena in acoustics, such as touching screens, clicking buttons, and so on [1] . Interference by such noises while recording can be highly annoying to most listeners.
In order to detect a pop-click noise, there have been many noise detection methods proposed [1] [2] [3] [4] . Among them, the techniques using the residual signal [3] and the first-order difference of the residual signal [4] were reported to successfully detect pop-click noises. However, the error rate increased extremely in the interval where the signal-to-noise ratio (SNR) was high [4] .
Thus, in order to improve detection accuracy under high SNR conditions, the proposed pop-click noise detection method first utilizes the second-order difference of an uncorrelated residual signal. This gives more emphasis on a pop-click noise as it has strong energy in the high frequency band. Next, adaptive median threshold [5] [6] is applied at those values to determine whether or not there is a pop-click noise.
Following this introduction, Section 2 proposes a pop-click noise detection method using the second-order difference of an uncorrelated residual signal. Next, Section 3 evaluates the performance of the proposed method and compares it with that of a conventional method using the first-order difference of the residual signal. Finally, Section 4 concludes the paper. 
Proposed Pop-Click Noise Detection Method
where i k a and ) (n s i are the k-th LP coefficient and the n-th input sample of the i-th frame, respectively. In addition, p is the linear prediction order. Similarly to Eq. (1), the residual signal of the input signal applied to the (i-1)-th linear prediction filter,
is obtained as
is the k-th LP coefficient obtained from the (i-1)-th frame.
The difference between ) (n e i and ) (n e M i corresponds to an uncorrelated residual signal between the i-th and (i-1)-th frames, which is obtained as
Next, the absolute value of the second-order difference of an uncorrelated residual signal is obtained as The ) (n g i in Eq. (4) becomes large during noise intervals, thus it is used to decide whether or not the i-th frame includes a pop-click noise. The decision is actually performed by applying adaptive median thresholding to ), (n g i such that 
Performance Evaluation
The performance of the proposed method was evaluated by using F-measure [7] , and it was compared with that of a conventional method using the first-order difference of the residual signal. For the test, three male and three female voice signals, sampled at 48 kHz, were chosen. Each sample was one minute long with 100 pop-click noises in total. For the analysis, each signal was segmented into consecutive frames by applying a Hanning window whose length was 4,096 samples, where each frame was overlapped by half with the previous frame. Note here that the parameters in Eq. (5) for median threshold were set as 50 = θ and . 30 = m First, in order to select a suitable LP order, the detection accuracy was measure depending on the LP order at 15 dB SNR. Table 1 compares F-measure values between the conventional and proposed methods for four different LP orders. It was shown from the table that the proposed method provided higher F-measure value than the conventional method for all LP orders. The highest detection accuracy was achieved when LP order was six. Thus, the LP order was set to six for the next experiment.
Second, in order to evaluate the performance of the detection under SNR conditions, pop-click noises were mixed to have different SNRs from 0-25 dB at 5 dB increments. The higher SNR means that a pop-click noise has lower power compared with that of the original signal. Fig. 2 also compares F-measure values between the conventional and proposed methods under different SNRs. It was shown from the figure that the proposed method had higher F-measure values than the conventional method under all the SNRs. 
Conclusion
In this paper, a pop-click noise detection method was proposed for improved portable auditory sensing. The proposed method used second-order difference of an uncorrelated residual signal, and it achieved higher pop-click noise detection accuracy by 4.43% than with a conventional method using the first-order difference of the residual signal.
